Different studies investigate the use of waste glass in Portland cement compounds, either as aggregates or as supplementary cementitious materials. Nevertheless, it seems that there is no consensus about the influence of particle color and size on the behavior of the compounds. This study addresses the influence of cement replacement by 10 and 20% of the colorless and amber soda-lime glass particles sized around 9.5 m on the performance of Portland cement mortars. Results revealed that the partial replacement of cement could contribute to the production of durable mortars in relation to the inhibition of the alkali-aggregate reaction. This effect was more marked with 20% replacement using amber glass. Samples containing glass microparticles were more resistant to corrosion, in particular those made of colorless glass. The use of colorless and amber glass microparticles promoted a reduction in wear resistance.
Introduction
Portland cement production is associated with high-energy consumption, greenhouse gas emissions, and the consumption of natural resources [1, 2] . The use of wastes as supplementary cementitious materials is an alternative to mitigate such negative impacts. Depending on particle size, silica content, and the degree of crystallinity, these wastes can be used as cements, pozzolanic admixture, or filler [3] [4] [5] . The most common wastes used in blended cements are blastfurnace slag, fly ash, silica fume, rice husk ash, and sugarcane bagasse ash [6] [7] [8] [9] [10] . Published results report that the use of glass particles for the partial replacement of aggregates or cement can result in beneficial or deleterious effects on the performance of cementitious compounds materials [11] [12] [13] [14] [15] [16] [17] .
Waste glass is a noncrystalline ceramic material with high silica content and is inert and nonbiodegradable. These wastes in the form of cullets present high recovery and recycling rates [2] . However, in Brazil, waste glass in the form of powders constitutes an environmental liability because its recycling is not economically viable [18] .
Studies on the incorporation of waste glass in cementitious materials began with its use as an aggregate and have extended to the present time [15, 19] . According to some authors [11, 12, 17, 20] , its use as aggregate is limited by the possibility of occurrence of the alkali-silica reaction. Moreover, there is the possibility of the formation of a weak transition zone, in the case of coarse aggregates, and low workability of the resulting compounds [13] [14] [15] . Idir et al. [21] consider that, depending on the particle size and color of the 2 Advances in Materials Science and Engineering glass, such a reaction could be inhibited by the use of waste glass.
A number of published results report the existence of a critical size that would enable the pozzolanic reaction without the subsequent formation of an expansive gel as a result of the alkali-silica reaction [12, 13, [21] [22] [23] [24] . However, there is no consensus about the influence of particle size and color on the behavior of the compounds.
According to Thomas [4] and Idir et al. [12] , glass particles below 140 m could exhibit significant pozzolanic activity. For Khmiri et al. [17] , Shao et al. [23] , and Shi et al. [24] , only ground waste glass below 38 or 45 m or even a few tenths of a micrometer could present pozzolanic activity. On the other hand, the pozzolanic activity of powdered glass can be optimized by curing at above ambient temperatures [19] . There is no consensus on the influence of glass color on the performance of compounds manufactured with waste glass in the replacement of aggregates. Du and Tan [11] , Dhir et al. [20] , and Topcu et al. [25] suggest that colorless glass has higher reactivity with alkalis than green and amber glasses, whereas others show that colorless glasses promote smaller expansions. A recent research work [11] using glass particles in partial and total replacement of sand reveals that, in comparison with green glass, amber glass causes less expansion due to the alkali-silica reaction. This is due to the pozzolanic reaction and the presence of internal cracks in the larger green glass particles. For different authors, glass particles of micron-order dimensions are effective in reducing the expansion of the alkali-silica reaction in the same manner as the effects of fly ash and slag [4, 18, 21, 26, 27] . It has also been reported that color does not influence the alkali-aggregate reaction and that green glass has better pozzolanicity than amber glass. Mirzahosseini and Riding [28] reveal that green glass may present higher pozzolanic reactivity than colorless glass depending on the curing temperature. Dyer and Dhir [29] showed that mortar containing colorless and green glasses result in compressive strengths somewhat higher than that of the mortar without glass, while the compound containing amber glass shows similar compressive strength.
An improvement in the resistance to sulfate attack has also been observed [22, 23, [30] [31] [32] [33] , together with lower porosity of compounds, reduction in the width of the pore microstructure, a significantly lower chloride ion diffusion coefficient associated with improved resistance to chloride penetration, greater resistance to leaching of Ca ions, and lower shrinkage of concrete. Few studies have assessed the depth of carbonation in cementitious compounds manufactured with glasses and some of them address the use of waste as aggregate [14, 33, 34] . Studies on abrasion resistance are limited to assessing the effects of the use of waste glass to replace fine aggregates and the findings are contradictory [35, 36] .
Though there are many studies on the use of microparticles in Portland cement compounds, there are still some points that need to be analyzed. The influence of glass color on the inhibition of alkali-aggregate reaction, on compressive strength, and on the abrasion resistance and electrical resistivity still need to be clarified. Preliminary results indicate that the use of colorless glass residue to replace cement decreases the permeability of the cementitious compound to oxygen, whereas it increases the thickness of carbonated layer, inhibits the alkali-silica reaction, and promotes the decrease of wear resistance [37] . In sequence, the present study evaluates indicators for the durability of a Portland cement composite made with the replacement of 10 and 20% of amber and colorless glass microparticles in comparison with a reference mortar. The tests performed were compressive strength, permeability to oxygen, accelerated carbonation, alkali-silica reaction, electrical resistivity, and wear resistance. As industrial glass waste of micrometric dimensions contains glasses of different chemical composition, flocculants, and dust, we have chosen, in this study, to produce the waste in the laboratory. This is, therefore, a preliminary study to support the use of microparticles produced by the glass drilling and processing industry in the production of Portland cement compounds.
Materials and Methods
The type of cement used was high initial resistance Portland cement. Glass wastes were produced in the laboratory to eliminate possible contaminants (Table 1) . Each type of glass was collected from the industry in the form of plates, washed, dried, and submitted manually to a first reduction using ceramic balls. The pieces of glass were then crushed in a steel ball mill, with tempered steel balls. Glass composition and specific mass vary as a function of color, as described in the specific literature [38] .
The values for particle size distribution of the glass microparticles obtained by light amplification by stimulated emission of radiation in a Cilas 92 particle sizer are presented in Table 2 . Considering the specific surface (Table 1) , it follows that types of the glass fineness are similar.
The X-ray diffraction of particles for both glasses showed diffuse spectra and absence of isolated peaks, typical of glass phases [18] . Shimadzu equipment, model XRD 7000s, was used for measurement, with a maximum output of 3 kW, copper pipe, Theta-Theta goniometer with radius of 200 to 275 mm, minimum step angle 0.0001 ∘ , operation angle range from −6 to +82, slewing speed 500 ∘ /min, scanning speed of 1 ∘ /min, and distance of X-rays (axis) 85 mm. The pozzolanicity of the glasses was evaluated via modified Chapelle test (Table 3) . In this test, the calcium hydroxide content is determined and fixed by a material in an aqueous medium [38] . The mean values of 562.13 and 655.20 mg of Ca(OH) 2 /g considered in the samples analyzed are similar to the results reported by Bonneau et al. [39] for active silica (crushed quartz). Raverdy et al. [40] and coworkers established that the minimum intake of calcium hydroxide necessary for the material to present pozzolanic activity is 330 mg of Ca(OH) 2 /g of the sample. We thus conclude that the microparticles possess pozzolanic activity.
For the production of mortar, natural silica sand was used as a fine aggregate, having specific mass of 2,650 kg/m 3 and containing equal proportions of particles sized 1.2, 0.6, 0.3, and 0.15 mm. The adopted proportion was of 1 binder (cement or cement + glass microparticles) to 3 of sand (with equal amounts of the four different particle sizes). The water/cement ratio was 0.5. The mortars produced had an average workability of 210 mm in the spread test.
Compressive strength tests were carried out at 28 days on 5 × 10 cm cylindrical test samples in a TC-PS 003 press with a load application of 0.5 MPa/s, in conformity with ASTM C39/C39M-16b standard [41] . Three samples per compound have been tested.
Oxygen permeability tests were performed according to the recommendations of RILEM TC 116-PCD [42] . After 28 days of curing, the cylindrical mortar samples (5 cm in height × 5 cm in diameter) were placed in an oven at 80 ∘ C for 24 hours for drying and were cooled prior to testing. The equipment used was a permeameter for measuring the gas flow through the confined porous material, subjected to a pressure differential between the points considered. Three tests were carried out for each type of mixture studied. Equation (1) is used to calculate the permeability of the sample and takes into account the compressibility and the viscosity of oxygen.
where denotes intrinsic permeability (m 2 ); denotes the length of the sample (m); denotes the cross sectional area of the sample (m 2 ); denotes the flow rate (cm 3 /s); 1 denotes the absolute pressure applied (in bar); and 2 denotes the pressure flow (in bar). According to this equation, the larger the coefficient, the higher the rate of permeation of the fluid through the mortar due to the pressure difference.
Carbonation resistance was carried out in a climatecontrolled Thermo Fisher Scientific Chamber, model 3000T RCO-5-VBC, according to the recommendations of RILEM TC 116-PCD [42] . Cylindrical samples of 5 cm in diameter × 10 cm in height were produced for each type of mixture. The samples were immersed in water and cured for 28 days. After curing, the surfaces were brushed and rinsed to remove residues that could hinder the diffusion of carbon dioxide inside the cement compounds. The samples were then dried in an oven and exposed for 60 days to an atmosphere containing 5% of CO 2 , of 48% humidity, and temperature of 27.5 ∘ C ± 2. The samples were then sectioned longitudinally and the carbonation depth determined from spraying a solution of 70% absolute ethanol, 29% distilled water, and 1% phenolphthalein. Using a digital vernier caliper with accuracy of 0.01 mm, three measurements were performed on each sample.
The electrical resistivity test was carried out to evaluate the probability and intensity of the corrosion of the reinforcing bars in reinforced concrete due to chloride action [43, 44] . The electrical resistivity of the cementitious compounds was calculated by measuring the volumetric resistivity in a saturated condition, by means of electrodes positioned on opposite sides of the samples, to which a potential difference was applied, measuring the current generated between them [45, 46] . For each type of mixture, 5 × 10 cm cylindrical samples made of mortars with and without addition of glass microparticles were cast and cured for 28 days. After 24 hours of saturation in clean water, the samples were pressed in the longitudinal direction against two copper plates (electrodes). In order to maximize contact, steel wool was inserted between the plates and the ends of the samples. Using an alternating current source with sinusoidal waves and varying frequencies (10-7500 Hz), a potential difference was applied (between 2 and 8 V). A standard frequency of 50 Hz was established for the tests.
For the evaluation tests of the alkali-aggregate reaction, prismatic samples of 25 × 25 × 250 cm were produced for each type of compound. For the alkali-silica reaction tests, sand produced by crushing and grinding basalt rocks was used as indicated by ASTM C1260-14 [47] . The proportion was 1 : 2.25 (cement/sand) by mass and the water-cement ratio 0.47. The tests were performed at a temperature of 80 ∘ C. The expansion thresholds were measured at 16 days and scheduled dates (0, 3, 6, 10, 19, and 30 days), and the final value was calculated using the average of three bars for each age. For abrasion resistance, prismatic samples measuring 70 × 70 × 30 mm have been prepared. The test was carried out using Amsler equipment. ASTM C 418-12 [48] was used as reference. After 28 days of curing, the samples were submitted to wear with quartz sand under a load of approximately 66 N at a rate of (30 ± 1) rpm. Measurements were performed after 500 laps, which corresponds to 1000 meters. After 500 meters, the samples were placed upside down on the coupling device support in such a way as to avoid distortion (skewness) of the material. After the course, the reduction in the thickness of the four sides of the samples was measured to evaluate wear.
Scanning electronic microscopy (SEM) was used to evaluate the morphology of the samples on a Quanta 200-FEG-FEI in high vacuum. Energy dispersive spectroscopy (EDS) linked to the SEM microscope was used to confirm the composition of the nanoparticles. Figure 1 shows the average values and standard deviations of measurements obtained in the composite compressive strength tests with and without the use of glass microparticles. The addition of 10% colorless or amber glass is associated with a slight increase of the mechanical strength of samples. The addition of 20% glass has a lower influence on the compressive strength of compounds. The same trends are observed in all the ages. According to Dyer and Dhir [29] , using 10 or 20% of amber glass particles (44% mass retained on the 45 m sieve) to replace cement does not affect the resistance to compression of mortars at 7 and 28 days.
Results and Discussion

Compressive Strength Tests.
Khmiri et al. [17] showed that only at 90 days does the compressive strength of mortars with 20% substitution of the cement by glass particles of 20 m present values close to compounds cast without glass. Calmon at al. [49] observed a reduction in compressive strength when 10-20% of the cement was replaced by waste glass from windshields. They associated this effect to the cracking of the matrix due to the formation of calcium sulphoaluminate at later ages, caused by the alumina content (5%) in the mixture, introduced by the glass. As the glasses analyzed in this work possessed an alumina content of 0.25 to 0.82%, this microcracking did not occur. In general, the slowness of the hydration reactions observed when 20% glass microparticles were used provides evidence of their pozzolanic nature. Figure 2 shows the measured and average values for the permeability coefficient for oxygen (bars) after 60 days of curing. The result was calculated from (1) for samples with and without partial replacement of cement by glass. According to Lee et al. [50] in regard to the durability, a concrete with coefficient of permeability to oxygen below 1 × 10 −16 m 2 is considered good; between 1 × 10 −16 and 3 × 10 −16 m 2 is moderate, and above 3 × 10 −16 m 2 is considered poor. By extrapolating the above information for mortar, it was found that the use of colorless glass microparticles in replacement of cement did not alter the durability classification of cementitious compounds: moderate. The experimental data showed significant dispersion. However, the statistical analysis of the data by means of Analysis of Variance (ANOVA) indicated that the use of glass microparticles in replacement of cement contributes to reducing permeability and that this influence is independent of the chemical characteristics of glass microparticles. Jain and Neithalath [32] and Calmon et al. [49] studied cement pastes with and without microparticles and found that the glass particles replacement led to smaller porosity. Probably, the permeability improvement was due to the chemical composition and the structure of the noncrystalline silica, which favors the occurrence of a pozzolanic reaction, when the glass is put into contact with calcium hydroxide. The reaction products reduce the width of the pores, increase the tortuosity in the pore network, and reduce pore connectivity [33, 51] . This reduction in permeability does not result in an increase in compressive strength. This could be related to the fact that the glass microparticles might also be acting as filler, the void filling mechanism having less effect on mechanical strength, which depends strongly on the slow pozzolanic reaction. Figure 3 deviations after 60 days in a carbonation chamber. It was observed that all samples suffered carbonation after 60 days. The addition of glass microparticles increased the thickness of the carbonated layer by 1.3 mm when compared with the control sample. It was also remarked that the larger the glass content, the greater the carbonation depth. It was not possible to identify the effects of the nature (color) of the glass microparticles (differences of 0.25 mm and similar trend lines). It should be noted that the rates of carbonation gain were small. This could be related to the fact that the samples were stored at 48% humidity, as this low humidity condition could impede the diffusion of CO 2 in the pores. The fastest carbonation rates occur at relative humidity between 50 and 75%, as reported in studies by Parrot [52] and De Ceukelaire and Van Nieuwenburg [53] .
Oxygen Permeability Tests.
Accelerated Carbonation Test.
Tests of the Alkali-Aggregate Reaction.
The average results of the three measurements and the respective standard deviations of the corresponding measurements obtained from the alkali-silica reaction test are shown in Figure 4 . According to ASTM C 1260-14 [47] , an expansion below 0.10 and higher than 0.20% at 16 days may indicate respectively aggregates with innocuous and reactive behaviors. Expansions between 0.10 and 0.20% are considered potentially reactive. Thus, it was decided to take the test to up to 30 days. After 16 days, the sample containing 20% amber glass remained in the nonreactive class. The samples with 10 and 20% colorless glass microparticles and 10% amber glass remained in class II, namely, potentially reactive material. At 30 days, the use of 20% amber glass classifies the material as II. All other mixtures changed to a higher class of alkali-silica reaction, being in the range of potentially reactive materials. Results of Kara [54] show that the lower expansion due to alkalisilica reaction occurs when the cement was replaced by 30% of amber glass particles (Blaine of 542 m 2 /kg). It was evident that the use of amber glass microparticles can inhibit alkalisilica reactions even when highly reactive aggregates are used. Recently, similar results were obtained by Cociña et al. [10] and Serpa et al. [55] .
The results of several publications indicate that the use of glass microparticles as supplementary cementitious material is effective in reducing the expansion of the alkali-silica reaction [4, 5, 56, 57] . This could indicate that the alkalis present in glass in quantities greater than those recommended for pozzolanic materials became inert or did not contribute to the occurrence of the alkali-silica reaction. According to the literature, the silica present in microparticles promotes the increase of calcium-silicate-hydrate content in the mixture due to the pozzolanic reaction. This can turn the paste denser and, consequently, less porous and permeable, hindering the movement of alkalis and the alkali-silica reaction [58, 59] . The present results indicate that the permeability of the paste changed with the use of glass microparticles. Another possible explanation for the inhibition of the alkali-silica reaction with the use of glass particles is that the hydrated calcium silicate formed by the pozzolanic reaction leads to increased paste strength, which is then able to withstand the expansive stresses associated with the alkali-silica reaction [58] . On the other hand, the pozzolanic reaction produces silicates of low CaO/SiO 2 ratio, which are able to encapsulate part of the alkalis that thus become unable to react [59] [60] [61] . Other hypotheses addressed in published studies concern the reduced viscosity of expansive gel in media with high Na/Si ratio or the nonpolymerization of the alkali-silica reaction product in a medium of high alkalinity [62] .
Volumetric Electrical Resistivity Test.
Mean values and standard deviations relative to electrical resistivity tests at 28 days are shown in Figure 5 . Results of the same order of magnitude were found by Carsana et al. [63] in a 28-day study of mortars with and without replacement of cement by fine glass powder derived from green bottles (30%).
An important parameter for evaluating the durability of concrete in relation to the action of the chloride ion is the concrete electrical resistivity, since this variable is sensitive to the flow of ions diffused in the cementitious compounds, through the water present in the pores. According to Gowers and Millard [64] , the ionic flow between the anode and the cathode regions of the reinforcement is regulated by the concrete electrical resistance. The lower the resistivity of the concrete, the higher the electrical current between anode and the cathode and the speed of reinforcement corrosion. Hence, it is possible to evaluate the risk of corrosion of the reinforcement by measurement of electrical resistivity of concrete. According to Whiting and Nagi [44] , a very high reinforcement corrosion risk range has concrete resistivities below 5 kΩ⋅cm. While a high corrosion risk range is between 5 and 10 KΩ⋅cm, moderate to low corrosion risk is between 10 and 20 KΩ⋅cm and low corrosion risk is above 20 kΩ⋅cm. According to the European Concerted Action EC-COST 509 [65] , a high reinforcement corrosion risk range corresponds to resistivity values below 10 kΩcm, while the range of moderate corrosion risk is between 10 and 50 KΩ⋅cm, low corrosion risk range is between 50 and 100 kΩ⋅cm, and insignificant corrosion risk range is above 100 kΩ⋅cm. Hoppe [66] and Lübeck [67] underscore the high sensitivity of resistivity to various intrinsic factors such as water/binder ratio, consumption and type of cement, and aggregate and mineral admixtures, as they promote changes in the pore size and distribution, internal moisture content, and pH, among others, and thus decrease the corrosion rate. The values obtained reveal that the samples with and without glass microparticles are within the moderate/low corrosion risk range. Nevertheless, samples containing glass microparticles-particularly colorless glass-are more resistant to reinforcement corrosion. The increase in resistivity due to the use of glass microparticles can be explained by the fact that, within the concrete containing glass, the ion flow is lower due to the pozzolanic reaction, which consumes Ca
2+
and OH − , or as a result of the change in pore structure due to the pozzolanic reaction. According to Hunkeler [68] , the increased resistivity of the pore solution and a smaller fraction of the conductive phase, calcium hydroxide, explain the higher resistivity of concrete with pozzolanic additions. The higher resistivity due to the use of pozzolans may also be due to the reduction in width and increased tortuosity of the pore network, thus hindering ion mobility and interaction [50] .
Abrasion Resistance Tests.
The results of the test for resistance to wear by abrasion after 1,000 meters are shown in Table 4 , where the average values of loss of thickness of three samples are presented. These values were measured at four points across the sample after 28 days of curing in a humid chamber and the test was performed at 90 days. Cement replacement with 10 to 20% of colorless and amber glass microparticles was seen to have reduced wear resistance. We can therefore note that both the type and the amount of glass used influenced this result. These data reveal that a weaker layer was formed on the concrete surface, probably due to the higher exudation and accentuated by the presence of glass particles [69] . The experimental results found by Nassar and Soroushian [16] show that the abrasion resistance of mortars made with 23% of ground waste glass (25 m) in replacement of concrete increases with the percentage of substitution. Figure 6 shows the microstructures of compounds with and without the replacement of glass microparticles. These microstructures were amplified 350 times and were obtained by means of a backscattered electron detector. A higher magnification was adopted in such a way as to achieve a more general description of the microstructure of the analyzed material. The presence of quartz was observed in all samples (by energy dispersive spectroscopy) probably due to the type of sand used.
Analysis of the Microstructure.
In all the samples the presence of calcium hydroxide, calcium carbonate, tricalcium silicate, aluminium and calcium hydrosulphate, tetracalcium sulphoaluminate, and hydrated calcium silicate was detected, all of them normal constituents of Portland cement paste [70] . As suggested by Matos and Coutinho [2] there were no glass particles in the paste. Sobolev et al. [71] have found that mortars containing glass particles in partial replacement of cement have smaller crystals and low calcium hydroxide content as compared to mortars made only with cement, due to the occurrence of the pozzolanic reaction, which could contribute towards greater durability of the compound [69] . Even with large amplifications of the analyzed images, it has not been possible to observe differences in the size of sodium hydroxide crystals identified by EDS.
Conclusions
(i) The replacement of 10 and 20% of the cement content with amber and colorless glass microparticles helps reduce the oxygen permeability of the compounds.
(ii) The use of 20% amber glass microparticles observed in the samples resulted in the lowest oxygen (iii) When compared with the control sample, the thickness of the carbonated layer in samples with glass microparticles increased.
(iv) Glass microparticles inhibit alkali-silica reactions even with the use of reactive aggregates. This effect was more marked when the replacement was 20% of amber glass.
(v) The high silica content present in the glass did not promote the cement alkali-silica reaction, possibly due to the specific surface and the amorphous nature of the silica, which caused the silica to react with calcium hydroxide at early ages, with no silica content for later reactions.
(vi) The values for concrete electrical resistivity revealed that samples with and without glass microparticles were within the moderate/low reinforcement corrosion risk range. However, samples containing glass microparticles were observed to be more resistant to corrosion risk, in particular those made of colorless glass.
(vii) The use of colorless and amber glass microparticles promoted a reduction in wear resistance due to increased exudation itself possibly due to the presence of glass particles. The higher the level of cement replacement with glass, the higher the reduction in wear resistance. This reduction is more marked when amber glass is used.
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